New in situ Raman and synchrotron X-ray diffraction data (between 300 and 400 K) in conjunction with separate temperature-dependent Raman data (between 7 and 400 K) are presented. The low-frequency Raman spectra show good agreement with theoretical values obtained previously using periodic DFT calculations. The temperature-dependent spectra reveal the presence of significant anharmonicity of librational modes neither predicted theoretically nor noted in previous experiments. The splitting of the internal deformation mode ? 2 (of E symmetry in the free ion) decreases continuously with increasing temperature, but drops abruptly at the first-order orthorhombic to hexagonal phase transition observed at 381 K. The temperature dependence of the linewidth of the internal deformation mode ? 2 reveals coupling to reorientational motions of the borohydride ion in the orthorhombic phase. The thermal evolution of both crystal structure and vibration frequencies agree with the phase diagram suggested by the Landau theory.
Introduction
LiBH 4 is an important candidate for solid hydrogen storage. For the pure compound, the thermodynamics of reversible hydrogen storage is not favourable, but it has been shown in recent years that the combination of LiBH 4 with other compounds such as CaH 2 or MgH 2 allows to reduce the enthalpy difference associated with the release of hydrogen [1, 2] . For this reason, it is important to understand in detail the properties of LiBH 4 as a function of temperature and pressure. In the past years, the crystal structure of LiBH 4 has been studied at different temperatures and pressures, and the complex phase transition scheme has been analysed [3] [4] [5] [6] [7] .
At ambient pressure, LiBH 4 is orthorhombic (Pnma) and undergoes a first-order phase transition on heating at 381 K to a hexagonal high-temperature phase (P6 3 mc). At ambient temperature, a phase transition into a high-pressure phase (Ama2) is observed around 0.6 GPa, and a second transition at ca 18 GPa leads to a cubic phase (Fm-3m) [6] .
The phonon modes in LiBH 4 and LiBD 4 have been studied before [8] [9] [10] [11] . However, besides the very recent work by Racu et al. [11] , a detailed temperature evolution of Raman lines is still not documented. In this work, we present new Raman data as a function of temperature in conjunction with synchrotron diffraction data. These vibrational data are discussed in conjunction with previous vibrational studies on LiBH 4 [8] [9] [10] [11] , and correlated with structural response to temperature together with the phase diagram suggested before on the basis of symmetry analysis [7] .
Experimental
In situ synchrotron powder diffraction/Raman spectroscopy experiments have been carried out at the Swiss-Norwegian Beamlines at the European Synchrotron Radiation Facility between 300 and 400 K. The data were collected on a 0.5 mm glass capillary filled with polycrystalline LiBH 4 (Aldrich), using KUMA-6 diffractometer, Onyx 1K ? 1K CCD detector at a sample-to-detector distance of 120 mm, ? ¼ 0.70855 Å . At each temperature point the capillary was rotated by 60
? during the 60 s exposure time. The data were integrated with a Fit2D program (A. Hammersley, ESRF), using a calibration measurement of a NIST LaB 6 standard powder sample. Good estimates of ?(I) were calculated with a local program by applying Poisson statistics to the total count. Raman spectra were collected on a Renishaw system 100 Raman spectrometer using excitation wavelength at 514 nm.
These measurements complemented by additional Raman experiments were obtained between 7 and 400 K using a Kaiser Optical Holospec monochromator in conjunction with a liquid nitrogen cooled CCD detector and a 488 nm Ar laser. Low-temperature spectra were obtained using an Oxford Instruments helium flow cryostat, high-temperature spectra were obtained with the sample capillary kept in a thermostat-controlled metal holder.
The IR spectrum was obtained using a Perkin-Elmer Spectrum One instrument in conjunction with a Golden Gate ATR cell.
3. Results and discussion 3.1. External vibrations Figure 1 presents the low-frequency Raman spectra from 12 to 200 K. At 12 K, many sharp lines are observed. Group theory predicts that in the orthorhombic phase, the librational modes transform as
All the g modes are Raman active. Miwa et al. [12] have calculated (using plane wave DFT methods) the energy of the zone centre vibrations in LiBH 4 . Table 1 compares the calculated values with the experimental data at 8 K. These results show a reasonably good agreement between theoretical and experimental values. Racu et al. [11] present lowtemperature Raman spectra of LiBH 4 and LiBD 4 and compare them to new periodic DFT calculations and obtain more detailed assignments of the Raman active modes. There are some small discrepancies between our data and theirs, their experimental resolution and accuracy being slightly better than ours. However, we succeeded to measure three very weak bands above 305 cm ?1 which were not observed in [11] . The results of [11] are included in Table 1 . It is interesting to note that there are some significant differences between the calculated lattice mode frequencies of [11] and [12] 4 and thus corresponds to a librational mode.
The temperature-dependent spectra shown in Figure 1 reveals that above ca 80 K, several bands start to broaden and shift to lower frequencies, while others (e.g. around 185 cm ?1 ) remain at the same position. It is important to note that there is no phase transition taking place between 80 and 110 K [5] . The spectra at higher temperatures confirm these trends, but the bands have become too weak and too broad to enable an accurate fitting. However, one may correlate this anomaly with the negative thermal expansion along the a-axis below 150 K [5] , where according to [7] the free energy should show an additional minimum corresponding to the high-pressure phase. Figure 2 shows the band position versus temperature of the two bands observed at 302 and 267 cm ?1 at 8 K. Temperature-dependent shifts of vibrational bands are an indication of anharmonic behaviour. In general, the temperature shift of Raman bands in solids can be described by the following expression [13, 14] :
where p is the pressure, ? the thermal expansion and ? the compressibility. The contribution ?! vol j accounts for the volume driven effect, while the last term corresponds to the explicit (occupation number driven or amplitude driven) effect. We have applied this equation successfully in the past to describe anharmonicity in the ionic conductor Li 2 S [15] .
Phase Transitions
The expression above is valid for cubic crystals, but let us assume that it can also be used in our case. It has been shown for MgF 2 [16] that taking into account lower symmetry effects changes this contribution by 5-15%. Taking into account the experimental data of the unit cell volume obtained from synchrotron powder diffraction [ and assuming that the compressibility and the mode pressure shifts do not change with temperature, we have tried to fit the experimental data as shown in Figure 2 where the calculated band positions using the relations above are shown with a dashed line. This curve was obtained by constraining the fit to the low-temperature data points. We obtain that 1/?(@! j /@p) T ¼ 300 for the 267 cm ?1 band and 400 for the 302 cm
band. Using the value of B 0 ¼ 14.5 GPa [6] , one can estimate the corresponding pressure shifts of ca 20 and 28 cm ?1 GPa ?1 for these two modes. Figure 2 further shows that one cannot neglect additional anharmonic contributions, as there is still a significant discrepancy between observed and calculated band position. Anharmonic couplings with lower energy vibrations can be expressed by [13] :
n 2 and n 3 are phonon occupation numbers with half and one-third phonon energy, respectively, than the considered mode, C and D are constants to be adjusted. However, we were not able to obtain a satisfactory fit of the experimental data using this expression. A more general expression of phonon-phonon creations and destructions is given by [14] :
The terms B ji contain the phonon frequencies and anharmonicities of modes i and j as well as i-j coupling terms. The general resulting temperature dependence can be described by a horizontal part at low temperatures (zero point motion limit) and a linear behaviour at high temperatures. Note that this is approximately the temperature dependence seen in Figure 2 . A different approach to anharmonicity associated with librational motions in molecular crystals has been proposed by Mendonc¸a and Rabbani [17] . Starting from an anharmonic librational oscillator
where ? is the anharmonic quartic coupling coefficient, they obtain finally (I is the moment of inertia of the molecule):
Using this expression, we obtain for the two bands shown in Figure 2 the values of ! 0 ¼ 431 and 326 cm ?1 and ? ¼ 65 and 30 cm ?1 , respectively. The corresponding temperature variation of these two bands is shown by the full line in Figure 2 , and reveals a much better agreement with the experimental data. It is important to note that the two bands considered here are not purely librational modes, as their isotopic ratios (expected to be close to 1.41) are found to be 1.05 (307 cm ?1 ) and 1.27 (273 cm ?1 ) at 5 K, as reported by Racu et al. [12] for LiBH 4 and LiBD 4 . Racu et al. [12] identified a strongly anharmonic librational mode (of B 3g symmetry) at 149 cm ?1 . The first harmonic of this mode is close to 300 cm ?1 , and can thus possibly interact with the 307 cm ?1 mode, resulting in the observed anharmonicity.
In the absence of pressure-dependent Raman spectra, it is not possible to quantify the relative contributions of volume-driven and explicit anharmonicity, which are probably very different from mode to mode. Figure 3 presents the Raman spectra in the bending mode region of LiBH 4 . In their early work, Harvey and McQuaker [8] assigned the weak band at ca 1254 cm ?1 to the second overtone of a librational band. However, the theoretical vibrational frequencies [11, 12] indicate clearly that this band is the third component of the symmetry-split ? 4 deformation mode. This is also corroborated by the relative intensities in the Raman and IR spectra: as can be seen in Figure 3 , the intensities of the bands at 1090, 1099 and 1253 cm ?1 are much smaller than those of the bands at 1286 and 1316 cm ?1 , while it is the opposite in the IR spectrum. At low temperature, a weak additional band at 1105 cm ?1 can be distinguished, as was also reported in [11] .
Internal vibrations
It is interesting to note that the calculated frequencies of the ? 2 and ? 4 modes are systematically about 30 [11] to 50 cm ?1 [12] below the experimental values. Figure 4 presents in situ Raman and synchrotron diffraction experiments between 303 and 393 K. The orthorhombic to hexagonal phase transition is clearly observed using both techniques. These new Raman spectra are in perfect agreement with our previously published results [9] . Both probes show a sudden transition, the synchrotron diffraction data also demonstrate a coexistence of both phases, all these observations are indicative of a first-order phase transition. The first-order nature of this transition is also confirmed by the hysteresis observed in the heating and cooling Raman experiment reported previously [9] and agrees with the symmetry analysis [7] .
It is interesting to note the temperature evolution of the splitting of the ? 2 mode as a function of temperature, shown in Figure 5 . This splitting, which has started to decrease at temperatures above ca 100 K, has been reduced from ca 47 cm ?1 at 10 K to ca 20 cm
just below the phase transition. A similar pre-transition feature appears in unit cell dimensions of the orthorhombic cell. Indeed, according to Dimitriev et al. [7] epitaxial relation between Pnma and P6 3 mc reads as:
where h(o) stands for the hexagonal (orthorhombic) cell. Using these relations, it can be shown that the difference 3b would become equal to zero for a transition from the Pnma structure to the hexagonal P6 3 mc. For such a transition, one would also expect the site group of the borohydride ion to evolve from C s symmetry towards trigonal symmetry, and the site group splitting of the ? 2 mode would tend towards zero, as ? 2 is doubly degenerate in trigonal and higher symmetry. Analysis of the temperature dependence of the lattice parameters [5] shows that the difference 3b (Figure 5 ), but remains significant at this highest temperature. The surprizing temperature dependence of the b parameter [5] which decreases with increasing temperature between 300 and 360 K (in conjunction with the corresponding increase of the c parameter) can thus be associated with a coupling between the order parameter and spontaneous strain.
As it has been shown in [7] , the corresponding order parameter can be parameterized as a shift of layers formed by Li and BH 4 , together with in-layer deformations. The temperature dependence of Li-B distances can be, therefore, taken as a probe of inter-and intra-layer deformations ( Figure 6 ). Indeed, the layers defined in the bc plane of the orthorhombic phase become more flat as the temperature is increased: the difference between atomic coordinates for Li and B atoms decreases with temperature ( Figure 7) . Also, the distance between the layers increases with temperature (see the inter-layer distance T (K) Figure 6 . Temperature evolution of intra-and inter-layer Li-B distances. For the definition of layers situated in the bc plane of the orthorhombic LiBH 4 phase see [7] . in Figure 6 ). Thus, the thermal evolution of the crystal structure agrees with the phase diagram and description of the order parameters suggested by the Landau theory [7] . Figure 8 illustrates for the entire temperature range the evolution of the linewidth of the ? 2 mode. From 50 to 370 K, the linewidth increases by a factor of about 3. In a previous publication [10] , we were able to fit for the cubic crystals MBH 4 (M¼Na, K, Rb and Cs) the linewidth versus temperature using the simple exponential relation
where A is a constant and V an activation energy such as the barrier of reorientation. For LiBH 4 in the hexagonal phase, this relation did not give a satisfactory fit, and an average value of 15 ? 2 kJ mol ?1 was obtained. Using the more complex relation (as one expects several different barriers in a non-cubic crystal)
values of 5 ? 5 and 60 ? 30 kJ mol ?1 were obtained. The large scatter in these numerical values arises from the restricted temperature range as well as the uncertainty of the determination of the very large linewidth, as seen also by the scatter of the data in Figure 8 .
As the data of the low-temperature phase could not be fitted with the simple exponential relation above, the second expression was used to fit to our new data in the orthorhombic phase (Figure 8) [11] for several external and internal modes (in the temperature range from 5 to 300 K) who attributed this low-activation energy to scattering by phonons.
Conclusions
The low-frequency Raman spectra of LiBH 4 reveal several particular bands which show important shifts as a function of temperature. These shifts are related only in part to volume driven anharmonicity, intrinsic anharmonicity of the librational modes appears to be the main contribution. These are probably also related to the important dynamic behaviour of the borohydride ion in the low-temperature orthorhombic phase which has been demonstrated previously by neutron diffraction [4] . Pressure-dependent Raman experiments are needed to improve the analysis of the different contributions to anharmonicity in LiBH 4 .
The evolution of the splitting of the internal ? 2 mode is reminiscent of a pre-transition behaviour which is interrupted by the first-order phase transition. The unusual temperature dependence of the lattice parameters [5] also reflects a trend towards the hexagonal lattice. Splitting of the phonon mode and the lattice strain, both correlate with the atomic shifts parameterized by flattening of Li-B layers and increase of interlayer distance. Such a correlation indicates a coupling of the microscopic order parameter with acoustic and optic phonons and may, as minimum partially, be a reason of a pronounced anharmonicity of some Raman bands.
At the phase transition, the linewidth of the ? 2 (and ? 4 ) mode increases dramatically, thus revealing additional dynamics in the crystal. At the structural level, the broadening of Raman lines correlates with progressing elongation of inter-layer Li-B contacts, in agreement with the phase transition mechanism suggested by Landau theory [7] .
These experimental results, in conjunction with the previous crystallographic studies [3] [4] [5] [6] [7] , show that LiBH 4 presents a complex dynamical behaviour over a broad temperature range in both ambient pressure phases. Current theoretical methods (such as quasiharmonic DFT calculations) do not allow to reproduce this type of dynamical behaviour, and must be considered 'cum grano sali' when properties of borohydrides are extrapolated to high temperatures.
